Abstract Heterotrophic bacteria isolated from five aquatic microbial mat samples from different locations in continental Antarctica and the Antarctic Peninsula were compared to assess their biodiversity. A total of 2,225 isolates obtained on different media and at different temperatures were included. After an initial grouping by whole-genome fingerprinting, partial 16S rRNA gene sequence analysis was used for further identification. These results were compared with previously published data obtained with the same methodology from terrestrial and aquatic microbial mat samples from two additional Antarctic regions. The phylotypes recovered in all these samples belonged to five major phyla, Actinobacteria, Bacteroidetes, Proteobacteria, Firmicutes and Deinococcus-Thermus, and included several potentially new taxa. Ordination analyses were performed in order to explore the variance in the diversity of the samples at genus level. Habitat type (terrestrial vs. aquatic) and specific conductivity in the lacustrine systems significantly explained the variation in bacterial community structure.
Introduction
Microbial mats and surface crusts that may develop in wet Antarctic habitats (Vincent 2000; Laybourn-Parry and Pearce 2007) are dense communities of vertically stratified microorganisms and are believed to be responsible for much of the primary production under the extreme polar conditions. The mats and crusts typically consist of mucilage, in which cyanobacteria and other algal cells are embedded, together with other heterotrophic and chemoautotrophic microorganisms, sand grains and other inorganic materials (Fernández-Valiente et al. 2007 ). Particularly, the lacustrine ecosystems, which range from relatively deep freshwater and hypersaline lakes, to small ponds and seepage areas (Verleyen et al. 2011) act as true biodiversity and primary production hotspots in a matrix of polar desert and ice.
In recent years, Antarctic microbial mats have attracted a lot of scientific interest, with the photoautotrophic taxa such as cyanobacteria (Taton et al. 2006) , green algae (De Wever et al. 2009 ) and diatoms (Sabbe et al. 2003) probably being the best-studied groups. Water depth (and hence light climate), liquid water availability and conductivity or related parameters are the most important variables in structuring these communities (Hodgson et al. 2004; Verleyen et al. 2010) . Surprisingly, only a small number of studies have focussed on the heterotrophic bacterial diversity in these microbial mats (Brambilla et al. 2001; Van Trappen et al. 2002) . Other land-based habitats in Antarctica that have been studied for their heterotrophic bacterial diversity include soils in dry valleys (Aislabie et al. 2006b ) and maritime Antarctica (Chong et al. 2010) , the plankton in freshwater lakes (Pearce. 2005) and anoxic waters in meromictic lakes (Franzmann et al. 1991) . The few studies focussing on the heterotrophic bacterial diversity in aquatic microbial mats comprised samples from lakes in the McMurdo Dry Valleys, the Vestfold Hills and the Larsemann Hills and included culture-dependent as well as independent approaches. They reported a large diversity with an important number of previously unknown taxa (Brambilla et al. 2001; Van Trappen et al. 2002) . As a result, several new species have been described in the phyla Bacteroidetes, Proteobacteria, Actinobacteria and Firmicutes (Reddy et al. 2002a (Reddy et al. , b, 2003a Van Trappen et al. 2003 , 2004a Shivaji et al. 2005) . The relationship between the bacterial diversity of microbial mats and environmental parameters has not yet been studied although Brambilla et al. (2001) suggested some general features expected of the organisms obtained based on their phylogenetic position.
The aims of this study were (1) to contribute to a better understanding of the diversity of heterotrophic bacteria in microbial mat communities from a range of terrestrial and aquatic habitats in coastal and inland ice-free regions in Continental and Maritime Antarctica and (2) to explore the relationship between the bacterial communities and a set of environmental parameters. We applied a cultivation-based approach using several media and growth conditions to access heterotrophic bacteria. A large number of isolates was obtained and identified through genotypic characterization using rep-PCR fingerprinting and phylogenetic analysis of the 16S rRNA gene sequences. Comparison of the sequences with those available in public databases allowed identification of the bacteria and an assessment of their geographical distribution.
Experimental procedures

Source of samples
Five samples (PQ1, LA3, SK5, WO10 and SO6) from lacustrine habitats in different locations in Continental Antarctica and the Antarctic Peninsula ( Fig. 1) were Fig. 1 Division of the phylotypes over the different phylogenetic groups. The number of obtained isolates and phylotypes are mentioned for the different samples. Information for samples BB50, BB115, TM2 and TM4 was based on Peeters et al. 2011a, b analysed (Table 1 ). All samples were kept frozen continuously after collection (in January 2003 [PQ1] and January 2007 [LA3, SK5, WO10 and SO6] ) until processing in the laboratory. Specific conductivity and pH were measured in the field using a YSI 600 m. Details regarding the analysis of the concentration of the major ions and nutrients have been described by Hodgson et al. (2010) and Verleyen et al. (2011) .
Data for the new samples were also compared with information on four further samples previously studied using the same methods, including two terrestrial mat samples from Utsteinen (Sør Rondane Mountains, East Antarctica) (Peeters et al. 2011a ) and two microbial mat samples from lakes in the Pensacola Mountains and the Shackleton Range (Peeters et al. 2011b ).
Enumeration and isolation of heterotrophic bacteria
One gram of sample was aseptically weighed and homogenized in 9 ml sterile cold (4°C) physiological saline (0.86% NaCl) using a vortex. Tenfold dilution series (kept at 4°C) were plated on four different media (Marine agar 2216 (MA) (BD Difco TM ), R2A (BD Difco TM ), ten times diluted R2A (R2A/10), and PYGV (peptone-yeastglucose-vitamin) medium (DSMZ medium 621)) and incubated at 20, 15 and 4°C. R2A (Difco) contains pyruvate, starch and dextrose as C sources and yeast extract, peptone and casaminoacids as N and C sources, and PYGV (DSMZ medium 621) contains peptone, yeast extract and glucose as C and/or N sources and additional vitamins and minerals. Both are considered oligotrophic media because the amounts of these components are at least two to ten times lower than in more general media such as nutrient broth. In addition to regular physiological saline (PS) dilution series, sea water (SW) dilutions were used for the LA3 and WO10 samples, which originated from lakes close to the ocean and had elevated conductivity values.
All plates were incubated for several weeks during which the number of colony forming units (CFUs) was counted. When the number of CFUs had stabilized, the total number of CFU/g for each combination of culture conditions was calculated for the plates showing between 20 and 400 colonies. At the end of the incubation period, three colonies (or less in case of insufficient growth) of each morphological type (colony parameters used include colour, margin, elevation, shape, diameter, surface appearance) were isolated and purified. Pure cultures were cryopreserved at -80°C using broth medium plus 15% glycerol or the MicroBank TM system (ProLab Diagnostics, Ontario, Canada).
Genotypic fingerprinting
To reduce the large number of isolates, duplicates were eliminated using a whole-genome fingerprinting technique, repetitive element palindromic (rep)-PCR, resulting in a smaller number of clusters and unique isolates. DNA preparation was carried out as described by Baele et al. (2003) . Rep-PCR fingerprinting using the GTG 5 primer (5 0 -GTG GTG GTG GTG GTG-3 0 ) was performed according to Gevers et al. (2001) . Resulting fingerprints were processed using the BioNumerics (v 5.1.) software (Applied-Maths). Rep-PCR profiles were compared by calculating pairwise Pearson's correlation coefficients (r). A cluster analysis was performed on the resulting matrix using the Unweighted Pair Group Method using Arithmetic averages (UPGMA). An 80% Pearson's correlation coefficient threshold was used (Gevers et al. 2001) in combination with visual inspection of bands to delineate rep-clusters. Rep-types included both rep-clusters and isolates grouping separately.
16S rRNA gene sequencing
The 16S rRNA genes of the representatives of all the different rep-types were amplified and partially sequenced as previously described (Vancanneyt et al. 2004) . PCR products were purified using a Nucleofast 96 PCR clean up membrane system (Machery-Nagel, Germany) and Tecan Workstation 200. The BKL1 primer was used for sequencing (Coenye et al. 1999 Purification Kit according to the protocol of the supplier (Applied Biosystems). Sequence analysis was performed using an ABI PRISM 3130xl Genetic Analyzer (Applied Biosystems, USA). Phylogenetic analysis was performed using the BioNumerics (v 5.1.) software package (AppliedMaths). The sequences were compared, and pairwise similarity values were calculated to delineate phylotypes at 99.0% 16S rRNA gene sequence similarity (Stach et al. 2003; Acinas et al. 2004) . The classifier of the Ribosomal Database Project, containing the sequences of all described species, was used to obtain a genus identification for the phylotypes (Wang et al. 2007 ). Identifications with confidence estimates lower than 80% (Wang et al. 2007) were verified by phylogenetic analysis with all neighbouring taxa. A multiple alignment of the sequences was made, and after visual inspection, distances were calculated using the Kimura-2 correction. A neighbour joining dendrogram (Saitou and Nei 1987) was constructed, and bootstrap analysis was undertaken using 500 bootstrap replicates. When the analysis showed that a phylotype was not part of an existing genus and was either equally related to multiple genera or had 16S rRNA gene sequence similarities with neighbouring genera below the threshold value of 96.4% (Yarza et al. 2010) , the phylotype was classified as a potentially new genus. The 16S rRNA gene sequences determined in this study have been deposited in the EMBL database under accession numbers FR772052-FR772080 and FR772100-FR772289.
Sample coverage
Rarefaction curves were used to estimate how well our method covers the fraction of bacteria viable in the growth conditions used. They were calculated with an online rarefaction calculator (http://biome.sdsu.edu/fastgroup/cal_ tools.htm). The Shannon biodiversity index was calculated as described by Magurran (1988) .
Multivariate analysis
Direct and indirect ordinations were performed using CANOCO 4.5 for Windows (ter Braak and Smilauer 2002) . A principal component analysis (PCA) was applied of the number of rep-types assigned to the different genera for each sample. Redundancy analysis (RDA) was applied to assess whether differences in bacterial community structure are underlain by differences in habitat type. Therefore, we created three dummy variables (Table S2 ). The forward selection procedure and unrestricted Monte Carlo permutations tests (499 permutations, P = 0.05) were used to select the minimal number of variables explaining the variation in the distribution of the different rep-types over the genera for the different samples. The importance of limnological variability was assessed for the lacustrine samples only, because no chemical data were available for the terrestrial samples.
Geographical distribution of the phylotypes
The 16S rRNA gene sequence of each phylotype was compared with sequences available in public databases (EMBL and NCBI) including cultured strains as well as environmental sequences (both from metagenomics and high-throughput sequencing). Based on the origin of sequences showing C99.0% sequence similarity, the phylotypes were classified as Antarctic (when no high scoring sequences, or only high scoring sequences originating from other Antarctic environments, were found), bipolar (only high scoring sequences from polar environments), cold (only high scoring sequences from cold environments) or cosmopolitan (at least one high scoring sequence from non-Antarctic/cold/polar environment) ( Table 4 ). Phylotypes that showed no significant similarity with any other sequences were classified as Antarctic.
Results
Isolation, rep-PCR fingerprinting and 16S rRNA gene sequencing
Dilution series of the different samples (Table 1) were plated on four different media and incubated at three relatively cold temperatures compared to those used for more temperate bacteria. After 3-week incubation for plates at 20 and 15°C and 8 weeks for 4°C, the number of colony forming units (CFUs) was counted for the different conditions. When comparing the number of CFU/g for the five samples, there were clear differences (Table 2) . Sample WO10 had the highest CFU/g of all samples. The highest value for samples PQ1 and SK5 was low in comparison with the other samples although a large diversity in colony morphologies was observed and consequently many isolates were taken (Fig. 1) . For samples PQ1, SK5 and SO6, the highest number of CFU/g was found at 15 or 20°C, while for samples LA3 and WO10, 4°C gave best growth. The samples originating from saline and brackish lakes and ponds (LA3 and WO10) yielded the highest number of CFU/g on marine medium, whereas the other samples yielded the highest number of CFU/g on an oligotrophic medium.
Between 253 and 550 isolates ( Fig. 1) were purified from the five new samples. This gave a total of 2,225 isolates that were grouped in 810 rep-types. To compare the diversity obtained under each culture condition, the relative diversity yield was calculated as the number of reptypes recovered from a sample for each medium and temperature combination, divided by the total number of rep-types obtained for that sample. The highest values are summarized in Table 3 . For all samples, the highest values for the colony counts (Table 2 ) and the highest diversity (Table 3) were found on either oligotrophic media (R2A, R2A/10 and PYGV) or marine media (MA PS and MA SW). The highest CFU/g and diversities for each sample were in the same temperature categories (high-temperature category: 15-20°C; low-temperature category: 4°C) for samples PQ1, SK5 and SO6; however, for samples LA3 and WO10, the highest CFU/g was at 4°C, while the highest diversity was recovered at 20°C.
Representatives of the different rep-types were subjected to 16S rRNA gene sequence analysis. Based on these sequences, phylotypes were delineated at 99% sequence similarity. The number of phylotypes recovered per sample ranged from 39 (LA3) to 89 (PQ1) (Fig. 1) . Interestingly, only an intermediate number of isolates was taken in this latter sample in comparison with the other samples, suggesting that it harbours a relatively large diversity. This was confirmed by the higher Shannon diversity index based on the number of isolates per rep-type: 5.17 for PQ1, compared to 4.24, 4.62, 4.54 and 4.82 for samples LA3, SK5, WO10 and SO6, respectively. Rarefaction curves (Fig. S1 ) were calculated to assess the coverage of the culturable diversity under these culture conditions. The curves for most samples approached a plateau. However, for sample PQ1, the rarefaction curve continued to rise despite a high number of isolates being recovered from this sample. Distribution of the phylotypes over different phyla, classes, genera and samples
The different phylotypes were identified using the classifier tool of the Ribosomal Database Project and phylogenetic analysis of the 16S rRNA gene sequences. The diversity found in the different samples was considered at different taxonomic levels. At phylum level, for most samples, the phylotypes were affiliated with four major phylogenetic groups, Actinobacteria, Proteobacteria, Bacteroidetes and Firmicutes. In addition, isolates of the Deinococcus-Thermus phylum were recovered from samples PQ1 and SO6 (Fig. 1) . At genus level, variation between the five samples was larger: 70 genera were recovered as well as 18 potentially novel genera (Table S1 ). Only Salinibacterium and Flavobacterium were found in all five samples.
Previously, we studied two terrestrial samples, BB50 and BB115, from the Utsteinen region (Peeters et al. 2011a), and two aquatic microbial mat samples, TM2 and TM4, from the Pensacola Mountains and the Shackleton Range, respectively (Peeters et al. 2011b ), using the same isolation conditions and the same characterization methods. Later, we compare our new findings with those from these four samples. To facilitate comparison and to provide an overview, bacterial genus diversity data from these two studies are also included in Table S1 . No genera were recovered from all nine samples. The genera Arthrobacter, Brevundimonas and Hymenobacter were found in eight samples, whereas Cryobacterium, Rhodococcus, Sphingomonas, Flavobacterium and Bacillus were found in seven of the nine samples. Some 38% (31/82) of the genera were recovered from only one sample (e.g. Frigoribacterium, Saxeibacter, Aurantimonas, Caulobacter, Lysobacter, Maribacter, Brevibacillus). The genus Arthrobacter (Table S1 ) was best represented among the isolates (733 isolates, representing 20 different phylotypes), although the largest number of different phylotypes (50) was found in the genus Hymenobacter, which also had a rather high number of isolates (230). Other well-represented genera based on either the number of isolates or the number of phylotypes included Brevundimonas, Flavobacterium, Polaromonas, Psychrobacter, Massilia, Sphingopyxis, Sphingomonas and Deinococcus.
At the phylotype level, none of the phylotypes was found in all nine locations (Table S1 ). Only one phylotype (R-36741), identified as Brevundimonas, was found in eight samples. Phylotype R-36538, identified as Arthrobacter, was isolated from six samples. Furthermore, phylotypes belonging to the genera Brevundimonas, Rhodococcus, Salinibacterium, Sphingomonas and Massilia were found in five samples, and phylotypes belonging to the genera Arthrobacter, Cryobacterium, Rothia, Polaromonas, Bacillus, Paenibacillus and a potentially new genus in the class Betaproteobacteria were found in four samples. Additionally, 15 (4.2%) of the 356 phylotypes were recovered from three samples, 68 (19.1%) were found in two samples, and 260 (73.0%) were restricted to a single sample. Table 4 shows the distribution of shared phylotypes over the different samples. Sample SK5 shared the highest percentage of phylotypes with other samples, especially with samples PQ1, LA3 and SO6. Also, samples TM2 and WO10 and TM4 and SO6 shared an important percentage (C10%) of phylotypes.
In all nine samples, only 3.4% (47) of the rep-types contained isolates from more than one sample. The majority of these mixed rep-types contained isolates from two different samples, and only two comprised isolates from three different samples. All samples contained isolates that were part of these mixed rep-types, whereas the highest number was shared between samples SK5 and SO6. A large portion of the mixed rep-types was affiliated with Actinobacteria, while the remainder was related to all other classes and phyla obtained except for the DeinococcusThermus phylum. The mixed rep-types belonged to diverse genera, with several from the genera Arthrobacter, Brevundimonas, Hymenobacter, Pedobacter and Rothia.
Bacterial community structure in relation to environmental conditions Also here, we included information from our previous studies (Peeters et al. 2011a, b) to enhance the comparison. The principal component analysis at genus level (Fig. 2) confirmed the differences observed between the nine samples. The two terrestrial samples from Utsteinen (BB50 and BB115) are located relatively close to each other in the top half of the scatter plot. The two samples from the saline lakes (LA3 and WO10) and the brackish lake (TM2) are situated on the negative side of the first ordination axis. A redundancy analysis revealed that the dummy variable denoting the difference in habitat type and grouping terrestrial and freshwater habitats significantly explained 27.3% of the differences in community composition between terrestrial and aquatic samples. This indicates that the samples from saline lakes are different to those from freshwater systems and terrestrial environments. In the subset of the samples from aquatic habitats for which limnological data are available, RDA confirmed that conductivity significantly explained 34.4% of the variation in community structure at genus level.
Geographical distribution of the phylotypes
The sequences of the different phylotypes were compared with public databases to assess their geographical distribution. For the five new samples, a large number of the phylotypes (36.0-64.6%) showed a cosmopolitan distribution as was also found in the four previously studied samples (Table 5 ). All nine samples also contained a large number of phylotypes currently known only from Antarctica (20.6-58.4%), and many of these shared no significant similarity (C99.0%) with any other sequence in public databases. In general, only small numbers of phylotypes have been classified as cold (B10.4%) or bipolar (B8.3%). It is clear that for most phyla/classes, the phylotypes were mainly cosmopolitan (Table 5) . Notable exceptions were the phyla Bacteroidetes and Deinococcus-Thermus, of which the majority of phylotypes were currently known only from Antarctica, many of them without significant sequence similarity with any other sequence.
Discussion
We studied the cultured diversity of the heterotrophic bacteria recovered under standardized conditions from five aquatic microbial mat samples from different locations in Maritime and Continental Antarctica and compared the results with previously published data from terrestrial and aquatic microbial mats from two additional regions. Although only a limited number of isolates was studied from each sample, and the culturable diversity represents only a fraction of the total diversity present (Amann et al. 1995) , some clear differences between the samples were apparent. The most diverse sample was PQ1, with the highest Shannon diversity index and the largest number of phylotypes recovered, despite only an intermediate number of isolates obtained in comparison with the other samples (Fig. 1) . This relatively high diversity may be explained by the location of the sampling site on the Antarctic Peninsula where environmental conditions are less extreme than on the Antarctic continent. The distribution of the different phyla, classes and genera varied considerably. In most samples, the phylotypes belonged to four major phylogenetic groups (Actinobacteria, Proteobacteria, Bacteroidetes and Firmicutes) that have been reported frequently from various Antarctic habitats including aquatic microbial mats, soil from continental Antarctica and the sub-Antarctic islands and from sediments (Bowman et al. 2000a; Brambilla et al. 2001; Van Trappen et al. 2002; Bowman and McCuaig 2003; Aislabie et al. 2006b Aislabie et al. , 2008 Babalola et al. 2009; Cary et al. 2010; Chong et al. 2010; Selbmann et al. 2010 ). The phylum Deinococcus-Thermus was only recovered from four samples (BB50, BB115, PQ1 and SO6), including both terrestrial and aquatic samples. The genus Deinococcus has been found previously in Antarctic soils and especially in the McMurdo Dry Valleys (Aislabie et al. 2006a (Aislabie et al. , 2008 Niederberger et al. 2008; Cary et al. 2010) although several other studies focussing on Antarctic soils (Shivaji et al. 2004; Gesheva 2009 ) as well as on marine environments (Bowman et al. 2000b and microbial mats in Antarctic lakes (Brambilla et al. 2001; Van Trappen et al. 2002) did not report the presence of this taxon. Most of the frequently occurring genera (genera that were found in more than four samples or from which more than 100 isolates were recovered) have been reported previously from Antarctica (Irgens et al. 1996; Van Trappen et al. 2002; Busse et al. 2003; Shivaji et al. 2004; Ah Tow and Cowan 2005; Selbmann et al. 2010) .
Besides genera found in multiple samples, also some phylotypes were found in more than one sample. The observation that sample PQ1, the only sample originating from the Antarctic Peninsula, shared comparable percentages of phylotypes with all samples (Table 4) , irrespective of geographical distance is interesting. Moreover, these percentages are in the same range as those shared between the other samples. For some higher organisms such as Acari and Nematoda, a strong boundary has been observed between the species present in the Antarctic Peninsula and continental Antarctica, although for Tardigrada and Bryophyta, no continental/maritime divide has been found (Convey et al. 2008) . Our results suggest that this boundary probably does not exist for bacterial taxa.
The above-mentioned differences between the samples are related to lake water conductivity and the type of Distribution types were assigned to phylotypes by evaluating the geographical origin of highly similar sequences (C99.0%) present in public databases and originating from cultured strains as well as environmental samples and clone libraries a Data from Peeters et al. 2011a b Data from Peeters et al. 2011b c In brackets, the number/percentage of phylotypes that shared no significant similarity with any other sequence in the public database habitat (terrestrial vs. aquatic) as revealed by direct ordination analyses. The importance of conductivity was also evident from the fact that the medium used affected the colony yield and the diversity recovered for each sample. For example, the highest yield was obtained using the marine medium for the samples derived from saline and brackish lakes. A number of genera were only obtained from the saline lakes (e.g. Loktanella, Halomonas, Gelidilacus and Algoriphagus), whereas only small numbers of the less salt tolerant class Betaproteobacteria (Philippot et al. 2010) were isolated in these samples. Only the genera Aeromicrobium and Micrococcus were isolated both from terrestrial and saline samples. Interestingly, conductivity appears to be more important than the type of habitat, as revealed by the ordination analysis. Although our results may be influenced by the limited number of isolates and samples studied, this observation corroborates previous studies (Philippot et al. 2010; Tamames et al. 2010) , reporting that the diversity obtained from freshwater samples is more comparable with that of terrestrial samples than with saline ones. The importance of conductivity and related variables rather than extremes of temperatures, pH, or other physical and chemical factors (Tamames et al. 2010) corroborates findings in other microbial organisms in Antarctic lakes, including diatoms and cyanobacteria ).
In the nine samples, a significant number of phylotypes were found to represent potentially novel genera. From the terrestrial samples (BB50 and BB115), the saline samples (TM2, LA3 and WO10) and the freshwater samples (TM4, PQ1, SK5 and SO6), respectively, 4, 12 and 22 phylotypes represented potentially new genera. The majority of potentially new genera were found in the classes Alphaproteobacteria and Betaproteobacteria (35% each) and in samples SO6 (19%), SK5 (16%) and LA3 (16%). Further polyphasic studies are necessary to confirm their status and classification. The isolated taxa can be investigated for antimicrobial activities or other products of biotechnological significance (examples reviewed in Margesin and Feller 2010) . Moreover, several phylotypes obtained here belonged to genera which at present contain only one species or even one strain (e.g. Rhodoglobus, Saxeibacter, Enhydrobacter and the recently described Marisedimicola). The additional cultures obtained in this work may give more insight into the diversity present in these genera.
A comparison of our sequences to those available in public databases (including sequences from cultured strains as well as environmental community samples and clone libraries) revealed that the majority of the taxa showed a cosmopolitan distribution (Table 5) . Although the geographical distribution reflects current and therefore limited knowledge of bacterial diversity and ecology (Curtis and Sloan 2004) , some interesting observations can be made.
For the BB samples, an important number of phylotypes are currently restricted to Antarctica. This may be explained partly by the terrestrial, more exposed nature of these samples from the pristine environment of the new Princes Elisabeth Station in Utsteinen. These samples were also taken inland, whereas most previous microbial studies on terrestrial samples in Antarctica have focussed on regions closer to the coast and generally in close vicinity to research stations (Shivaji et al. 2004; Aislabie et al. 2006b; Chong et al. 2009 ). The other samples in our comparison originated from locations closer to the ocean and may have experienced inflow of non-Antarctic species, which may have contributed to the lower percentage of phylotypes with an Antarctic distribution. In addition, some strains may have been isolated previously in one of the few earlier studies in the regions of the Schirmacher and Syowa Oasis (Satoh et al. 1989; Shivaji et al. 2004 ). An important percentage of phylotypes currently restricted to Antarctica was also recovered from sample PQ1, although this sample was taken on the Antarctic Peninsula, closer to the ocean and to civilization.
Comparing the geographical distribution of the phylotypes in more detail, it is clear that the majority of those belonging to the Actinobacteria, Proteobacteria and Firmicutes have a more general distribution, whereas most Bacteroidetes and Deinococcus-Thermus phylotypes are currently restricted to the Antarctic continent. This high number of Antarctic phylotypes within the Bacteroidetes, with several potentially new taxa, is in agreement with the increasing number of new species described from Antarctica within this phylum (Shivaji et al. 1992; Bowman et al. 1997 Bowman et al. , 1998 Hirsch et al. 1998; McCammon et al. 1998; Bowman and Nichols 2002; Van Trappen et al. 2003 , 2004b Yi et al. 2005; Yi and Chun, 2006) . Our observations therefore appear to indicate that both cosmopolitan and specific Antarctic phylotypes, possibly with a limited dispersal capacity, are present.
Conclusion
Although only a limited number of microbial mat samples were studied, these revealed a large diversity of culturable heterotrophic bacteria. There were important differences between the taxa obtained from each of the samples, and only limited overlap was observed between the diversity obtained. Phylotypes belonged to five major phylogenetic groups (Actinobacteria, Proteobacteria, Bacteroidetes, Firmicutes and Deinococcus-Thermus) and several represented potentially new taxa. The bacterial diversity was found to relate to conductivity and habitat type. A comparison of our data with sequences in public databases showed that an important proportion of phylotypes (36.9%) are currently known only from the Antarctic continent, Polar Biol (2012) 35:543-554 551 although a large proportion of cosmopolitan taxa (56.3%) were also recovered. This suggests that, in Antarctica, cosmopolitan taxa as well as taxa with limited dispersal, which potentially evolved in isolation, occur.
